Electronic structures, magnetic properties, and spin-dependent electron transport characteristics of C-doped ZnO nanowires have been investigated via first-principles method based on density functional theory and nonequilibrium techniques of Green's functions. Our calculations show that the doping of carbon atoms in a ZnO nanowire could induce strong magnetic moments in the wire, and the electronic structures as well as the magnetic properties of the system sensitively depend on partial hydrogenation. Based on these findings, we proposed a quasi-1d tunneling magnetic junction made of a partially hydrogenated C-doped ZnO nanowire, which shows a high tunneling magnetoresistance ratio, and could be the building block of a new class of spintronic devices.
I. INTRODUCTION
ZnO has been regarded as a key technological material for the future nanoscale electronic and optical devices due to its wide bandgap, piezoelectronic properties, and unique ability to form various types of nanostructures such as nanowires, nanobelts, nanotubes, nanosprings, nanorings, and many others. [1] [2] [3] Among all those nanostructures, ZnO nanowires are particularly interesting. Recent developments in experimental techniques have made possible the nice experimental control of the diameter, the crystalline direction, and the alignment of ZnO nanowires. 1 Based on these, the successful growth and control of the ZnO-nanowire array or network have also been demonstrated in recent experiments. 4 Large number of electronic and photonic devices based on ZnO nanowires have been proposed, such as field-effect transistors, 5 transparent electrodes for solar cells, 6 light-emitting devices, 7 and electricity nanogenerators. 8 All these applications make use of the wide energy bandgap or piezoelectric properties of ZnO nanowires. In current work, via first-principles investigations, we investigate the magnetic properties of C-doped ZnO nanowires and their applications for nanospintronic devices.
Chemical doping is a key technological process in materials science that has been widely used to fabricate hybrid materials with unique properties and functions. In the field of dilute magnetic semiconductors, magnetic properties of doped oxide bulk materials have been extensively studied. Strong magnetic moments in different oxide bulk materials induced by the doping of either magnetic or nonmagnetic elements have been reported both theoretically and experimentally in literature. [9] [10] [11] [12] [13] Quite recently, the doping-induced a) Electronic mail: phyzc@nus.edu.sg. magnetism in quasi-1d semiconducting nanowires (SC-NWs) attracted considerable attention due to the great potential of applications of SC-NWs for the next generation of electronic or spintronic devices. [14] [15] [16] [17] [18] [19] [20] These studies have been focused on the effects of transition-metal doping on the magnetic properties of SC-NWs. To the best of our knowledge, nontransitionmetal-doping-induced magnetism in ZnO nanowires has not been discussed so far, and despite the importance of oxide nanowires in real applications, a realistic prototype of an oxide-nanowire-based nanospintronic device is still missing.
In this work, via first-principles calculations based on density functional theory (DFT) and nonequilibrium Green's functions (NEGF) techniques, we show that the doping of C atoms can induce strong magnetic moments in ZnO nanowires, and the electronic structures as well as the magnetic properties of C-doped ZnO nanowires sensitively depend on partial hydrogenation. Based on these, we proposed a novel type of quasi-1d tunneling magnetic junctions (TMJs) made of partially hydrogenated C-doped ZnO nanowires. The proposed TMJ was found to have high tunneling magnetoresistance (TMR) ratio (86.7%). Unlike conventional TMJs consisting of two ferromagnetic (FM) electrodes and a nonmagnetic center which are usually made of different materials, the proposed TMJ is made of a single material, therefore avoided the great difficulty in real applications of controlling the atomic structures of the contacts between different materials that often have important effects on performance of the device. 21 Also, for conventional TMJs, the TMR comes from unbalanced occupation of spin-up and spin-down channels around Fermi energy in two leads. As a result, reasonably high magnetic moments of two leads are normally necessary for high TMR ratio. 22 The origin of the high TMR ratio in the proposed TMJ is its unique magnetic interfaces between the center and two leads. Therefore, the strength of magnetic moments of two leads is not essential for high TMR ratio. The proposed TMJ could form the basis of a new class of nanoscale spintronic devices.
II. COMPUTATIONAL METHODS
Our first-principles electronic structure calculations are based on DFT using SIESTA, 23 and the spin-dependent transport calculations were done by NEGF via the ATK package. 24, 25 All calculations were performed using a double zeta polarized basis and norm-conserving pseudopotentials of the Troullier-Martin's type. 26 The generalized gradient approximation in Perdew-Burke-Ernzerhof format 27 was included. The atomic structures are optimized using the conjugate gradient method until the Hellman-Feynman force was "smaller" than 0.004 eV/Å. A vacuum region of at least 12 Å; between the nanowire and its replica due to periodic boundary conditions was employed to avoid the unnecessary interactions.
III. RESULTS AND DISCUSSION
First, we examined the electronic properties of pristine ZnO nanowires. Two nanowires along the experimentally often used [0001] direction with different diameters (7.7 and 11.3 Å) were considered in this paper. Cross sections of these two nanowires are shown in Figs. 1(a) and 1(c), respectively. The similar geometry of ZnO nanowires has been observed in experiments. 3 Both nanowires are nonmagnetic semiconductors. Our DFT calculations showed that the bandgap of the "bigger" one is about 1.64 eV, and the smaller one has a bigger bandgap 1.80 eV due to the stronger confinement originating from the smaller diameter. These results are consistent with previous theoretical results. 28, 29 We then considered the doping of carbon atoms. Previous theoretical studies have shown that for ZnO network, the doping of C atoms likely happens by substituting O atoms. 30 In one supercell of ZnO nanowires under study, there are four inequivalent doping sites for the smaller wire and six inequivalent doping sites for the bigger one, as shown in Figs. 1(b) and 1(d), respectively. To gain insights in effects of carbon doping on electronic properties of ZnO nanowires, first, we investigated the single carbon doping in one supercell of the smaller nanowire. The length of the supercell along the wire axis as shown in Fig. 2 is 10.7 Å. In this case, the coupling between C atoms in neighboring supercells can be neglected. In Figs. 1(a)-1(d), we show optimized structures of four possible configurations of single carbon-doped nanowires, respectively. With a single carbon doping, the nanowire is still a semiconductor with a smaller bandgap around 0.60 eV. Interestingly, for each of these four cases, the doping of a single carbon atom induces around 2 μ B of magnetic moment in the supercell. As shown in the figure, the spin charge density defined as the difference between charge densities of two spin channels is mainly centered on the doped carbon atom, spreading to neighboring O atoms. Detailed analysis of partial density of states (DOS) revealed that the spin polarization originates from the unbalanced occupation of spin-up and spin-down channels of carbon p orbitals due to the interac- doped in position 2 [ Fig. 2(b) ], the C atom interacts with O atoms in all three directions. Therefore, the magnetic moment comes from unoccupied spin-down channel of all three p orbitals of carbon [ Fig. 2(f) ]; for the case of doping in position 3 [ Fig. 2(c) ], the closest O atom is right above C in x and y directions, resulting in unoccupied spin-down p x and p y orbitals [ Fig. 2(g)]; for the case of doping in position 4 [ Fig. 2(d) ], for the same reason, the magnetic moment mainly comes from unoccupied spin-down p y and p z orbitals of carbon [ Fig. 2(h) ].
Next, we considered the doping of two carbon atoms in one supercell for which the coupling between two spinpolarized carbon atoms has to be taken into account. Among all combinations of possible doping sites as shown in Fig. 1 , for the smaller nanowire, the lowest energy state turns out to be the FM coupling configuration as shown in Fig. 3(a) for which one carbon atom doped in the center position and the other one in surface position [positions 1 and 3 in Fig. 1(b) , respectively], and for the bigger nanowire, two carbon atoms prefer to substitute O atoms in two surface positions [positions 3 and 4 in Fig. 1(d) ] with FM coupling as shown in Fig. 3(b) . It is worthy mentioning here that with two carbon atoms, the nanowire is still a semiconductor with a further decreased bandgap around 0.5 eV. Similar to the single carbon doping, the spin polarization originates from interaction between carbon atoms and nearby oxygen atoms. For the smaller one, as shown in Fig. 3(c) , for both carbon atoms, due to the substitution of one oxygen atom in y direction, the contribution of p y orbital to the spin polarization is significantly suppressed, and the magnetic moment in this case mainly comes from unoccupied p x orbital. Each of these two carbon atoms contributes around 1 μ B of magnetic moment. For the bigger nanowire, the magnetic moment is mainly centered at the carbon atom 1 that contributes around 1. contribute near 0.18 μ B of moment. In this case, for carbon atom 1, the interaction with nearby O atoms (in x and y directions) is essential, which leads to the major contribution of p x and p y orbitals to the spin polarization [ Fig. 3(d) ].
We next investigate the effects of partial hydrogenation on electronic and magnetic properties of C-doped ZnO nanowires. It has been reported in literature that the hydrogen passivation has important effects on properties of SC-NWs. 29 In particular, for ZnO nanowire, a recent theoretical study showed that a 50% of hydrogen passivation may turn ZnO nanowire from semiconductor to metal. 29 As shown in Fig. 4(a) , we chose the lowest energy state of two-carbondoped bigger ZnO nanowire as a case study. The outermost oxygen atoms are chosen to be possible adsorption sites of hydrogen atoms. We divided these possible adsorption sites into six layers [see Fig. 4(a) ] and hydrogenate the wire layer by layer starting from layer 1. Our calculations suggested that for C-doped ZnO nanowire, both the bandgap and the magnetic moment sensitively depend on the coverage of H atoms. The bandgap disappears when the layer 1 is hydrogenated. The magnetic moment decreases to about 0.2 μ B at around 60% of coverage and when fully hydrogenated, the wire is nonmagnetic.
Based on aforementioned findings, we propose a possible quasi-1d TMR junction made of a partially hydrogenated Cdoped ZnO nanowire as shown in Fig. 5(a) . The lowest energy state of two-carbon-doped smaller ZnO wire [ Fig. 3(a) ] is chosen for this study due to the limited computational power. One (1010) surface of both left and right semi-infinite electrodes is passivated by H as shown in the figure. The partial hydrogenation of the (1010) surface of ZnO has been demonstrated in recent experiments. 31, 32 The center region (device region) consists of one unit cell of each electrode and one unit cell of unpassivated C-doped wire [ Fig. 3(a) ]. This could be done in experiment using a mask in the center region during the hydrogenation process. Our calculations based on nudged elastic band 33 method show that the diffusion barrier of one H atom from one O atom to another one is around 2.5 eV, so at room temperature, H atoms are not able to diffuse from electrodes to the center region. In Fig. 5(b) , we show the total density of states of both spin-up and spin-down channels for partially hydrogenated electrodes. As shown in the figure, two electrodes are metallic, which is consistent with our discussion in the previous paragraph that a small coverage of J. Chem. Phys. 134, 104706 (2011 H atoms can turn the C-doped ZnO wire from semiconductor to metal. The magnetic moment in one unit cell for this case is estimated to be 0.5 μ B , which is relatively low, compared to 2 μ B of magnetic moment in the unpassivated part of the center region, and agrees with our calculations for bigger nanowire that the magnetic moment of the wire decreases when hydrogenated. Unlike the conventional TMJs consisting of two magnetic electrodes and one nonmagnetic center which has two magnetic configurations, parallel and antiparallel, The TMJ shown in Fig. 5(a) has three different magnetic configurations, (111), (110), and (101), where three numbers in the bracket denote directions of magnetic moments of left electrode, center region, and right electrode, respectively, with the number 1 representing up direction and number 0 representing down direction. We then calculated the equilibrium conductance of both spin channels for all these three magnetic configurations using the first-principles approach combining spin-polarized DFT and NEGF. For (101) configuration, the conductance for both spin channels is essentially zero. Also considering the fact that it is very difficult, if not impossible, to control the magnetic moment in atomic scale using external field so that the magnetic configuration (101) is not practical, we calculate the TMR ratio of the junction using the conductance of (111) and (110) only by TMR = (G 111 − G 110 )/G 111 . Spin-dependent conductances for these two configurations are listed in Table I . From the table, we can see that the spin-up channel of (111) configuration is open with a conductance around 0.13 G 0 , and other channels are essentially close with quite low conductance. The TMR ratio is estimated to be 86.7%.
To further understand the origin of the high TMR ratio, we plotted isosurfaces of spin-resolved local density of states (LDOS) at Fermi energy for both (111) and (110) con- figurations in Fig. 6 . For (111) for spin-down channel, on the contrary, the LDOS suggests a strong reflection at the left interface. Since in reality, spintronic devices always operate under a small finite bias, we also calculated the current as a function of bias voltages for both (111) and (110) configurations. Results are shown in Fig. 7 . TMR as a function of bias voltage is defined as (I par − I anti )/I par , where I par denotes the current for the configuration (111), and I anti is the current for the configuration (110). As shown in the figure, the TMR is quite high, around 40% when the bias is smaller than 0.1 V, and then drops quickly from around 40% to 20% when the bias varies from 0.1 to 0.2 V. The change of TMR as a function of bias for this quasi-1d device is similar to that of conventional bulk TMR devices consisting of two different materials where it is found that a small bias around 0.2 V greatly decreases the TMR. 
IV. CONCLUSION
In summary, in this paper, we investigated electronic structures, magnetic properties, and spin-dependent electron transport characteristics of C-doped ZnO nanowires via firstprinciples method based on DFT and NEGF. Our calculations show that the doping of carbon atoms in a ZnO nanowire could induce strong magnetic moments in the wire, and the electronic structures as well as the magnetic properties of the system sensitively depend on partial hydrogenation. Based on these findings, we proposed a quasi-1d TMJ made of a partially hydrogenated C-doped ZnO nanowire, which shows a high TMR ratio. The proposed TMJ has several obvious advantages compared to conventional TMJs consisting of two magnetic electrodes and on nonmagnetic center. First, the proposed TMJ is made of a single material, therefore avoided the great difficulty of controlling the contact structure between different materials. Second, the origin of TMR of the proposed TMJ is the unique magnetic interface between electrodes and device region, so the strong magnetic moment in two electrodes may not be necessary for high TMR ratio. Because of these, the proposed TMJ could be the building block of a new class of spintronic devices.
